Human respiratory syncytial virus (RSV) codes for two glycoproteins (F and G) which have been shown to be the major targets for the host antibody response. We have expressed a novel chimeric glycoprotein (FG) in insect cells using a baculovirus vector. The chimeric glycoprotein contains the signal and extracellular regions of the RSV F glycoprotein linked to the extracellular region of the RSV G glycoprotein. Beginning at the amino terminus, the chimeric glycoprotein consists of amino acids 1 to 489 from RSV F followed by amino acids 97 to 279 from RSV G. The chimeric FG glycoprotein did not contain an anchor region and was efficiently secreted into the medium of recombinant baculovirus-infected insect cells. The FG glycoprotein ranged in size from 69K to 91K and was heterogeneous with respect to isoetectric point. The cleavage site present on the F glycoprotein was recognized on the chimeric FG, and the glycoprotein appeared to be antigenically similar to the native RSV F and G glycoproteins.
INTRODUCTION
Human respiratory syncytial virus (RSV), a member of the Paramyxoviridae family of viruses (Kingsbury et al., 1978) , is the predominant cause of severe lower respiratory tract illness in infants and young children (Kim et al., 1973) . The genome of RSV codes for 10 genes including two major glycoproteins, F and G (Dubovi, 1982; Huang et al., 1985; Peeples & Levine, 1979; Walsh & Hruska, 1983) . The F glycoprotein is synthesized as a 68K precursor molecule (F0) which is proteolytically cleaved into disulphide-bonded 48K (F1) and 20K (F2) subunits. Cleavage of F0 into its subunits is required for activation of the fusion activity associated with paramyxoviruses (Gruber & Levine, 1983) . Hydrophobicity analysis of the F glycoprotein indicates a typical class I glycoprotein structure with an amino-terminal signal sequence responsible for transport across the rough endoplasmic reticulum membrane, and a carboxyterminal anchor region responsible for retention of the glycoprotein in the cell membrane (Collins et al., 1984) . Truncation of the F glycoprotein before the anchor region has resulted in secretion of the glycoprotein into the culture medium (Wathen et al., 1989) .
The G glycoprotein, which has been associated with viral attachment (Levine et al., 1987) , appears to be heavily glycosylated via N-linked and O-linked oligosaccharides (Lambert, 1988; Wertz et al., 1985) . The G glycoprotein has a protein backbone predicted from its nucleotide sequence to be approximately 33K (Satake et al., 1985 ; Wertz et al., 1985) , and an apparent size on SDS-PAGE gels of approximately 90K . The majority of the increase in size is reportedly due to O-linked glycosylation (Lambert, 1988) . Hydrophobicity analysis of the G glycoprotein has revealed an amino-terminal signal/anchor region (Olmsted et al., 1989; Wertz et al., 1985) , with the carboxy terminus of the glycoprotein extruded into the extracellular fluid (class II glycoprotein). This membrane anchorage has also been reported for the influenza virus neuraminidase (Bos et al., 1984) , as well as other paramyxovirus haemagglutininneuraminidase glycoproteins (Blumberg et al., 1985; Elango et al., 1986; Heibert et al., 1985) . Baculoviruses are insect viruses which produce large amounts of a polyhedrin protein during infection of insect cells . Vectors have been designed which allow the substitution of foreign genes for the polyhedrin gene. The foreign gene is under control of the polyhedrin promoter, and is expressed to high levels in recombinant baculovirus-infected cells (Estes et al., 1987; Jeang et al., 1987; Matsuura et al., 1987; Smith et al., 1983) .
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We have previously reported the successful expression of intact and truncated forms of the RSV F glycoprotein using a baculovirus vector (Wathen et al., 1989) . We now report the successful expression of a novel chimeric FG glycoprotein in insect cells using baculovirus as an expression vector. The chimeric glycoprotein contains the signal and extracellular regions of the RSV F glycoprotein linked to the extracellular region of the RSV G glycoprotein.
METHODS

Cells and viruses.
Human RSV (Long strain) was grown in HEp-2 cell monolayers with Eagle's minimal essential medium containing 10% foetal bovine serum (FBS). The baculovirus Autographa californica nuclear polyhedrosis virus (AcNP V) was grown in Spodopterafrugiperda (SF9) cell cultures (ATCC, CRL 1711 ). Conditions for growth of cells and virus have been described . AcNPV was provided by M. Summers (Texas A & M University, College Station, Tx., U.S.A.). A recombinant baculovirus containing the pseudorabies virus gp50 gene (Petrovskis et al., 1986 ; AcNPV-gp50T) was used as a negative control in these experiments.
Construction and selection of baculovirus recombinants containing the RSV FG glycoprotein gene: The cDNA clones F-A25 and G-16 containing the complete coding sequences for the F and G glycoproteins were received from G. Wertz (University of Alabama, Birmingham, Ala., U.S.A.). GC tails were removed from the cDNA of clone F-A25 to yield clone pFBBL-5 as previously described (Wathen et al, 1989) .
The chimeric FG gene was generated and manipulated for expression in the baculovirus as shown in Fig. I . Clone FBBL-5 was digested with NsiI and its ends were made blunt with T4 DNA polymerase. Clone G-16 was digested with DdeI and FokI and its ends were made blunt with Escherichia coli DNA polymerase (Klenow fragment). The 550 bp fragment representing the G cDNA between the DdeI and FokI restriction enzyme sites was isolated by gel electrophoresis. This 550 bp fragment was ligated into the blunt-ended NsiI site of pFBBL-5 to form the chimeric FG gene (FG-3).
The chimeric FG gene was placed under control of the baculovirus polyhedrin promoter by cloning into the BamHI site of the baculovirus transfer vector pAc373 (Fig. 1 , clone FGBa-6). The junction regions of the FG gene were then verified to be correct by Maxam-Gilbert sequencing (Maxam & Gilbert, 1980) .
Transfer of the FG gene into the AcNPV genome was accomplished by cotransfection of SF9 cells with wildtype AcNPV DNA and transfer plasmid FGBa-6 DNA, using the calcium phosphate precipitation procedure previously described . Recombinant baculovirus was screened by dot blot hybridization ) using 32p-labelled DNA specific for the F gene as a probe. Viruses displaying the characteristic 'occlusion-negative' plaque morphology (Miller, 1988) were then plaque-purified twice. Recombinant baculovirus containing the chimeric FG gene is referred to as baculo--FG.
Detection of recombinant FG. SF9 cells were infected at an m.o.i, of 10 p.f.u./cell with recombinant baculovirus. At various times post-infection (p.i.), medium was withdrawn, clarified by low-speed centrifugation and stored. The infected cells were then washed twice with phosphate-buffered saline (PBS), scraped into PBS and pelleted. The cells were resuspended in a small volume of PBS and disrupted by sonication. RSV-infected cell antigen was prepared by infecting HEp-2 cells at an m.o.i, of 1.0. At 48 h p.i., the cells were harvested as described above. Cell lysates (baculo-FG or RSV) or baculo-FG-conditioned medium were then serially diluted in bicarbonate buffer (15 mta-sodium carbonate, 3 mM-sodium bicarbonate pH9-6) and adsorbed onto 96-well plates (Coming) overnight at 4 °C. Plates were blocked with 2% skimmed dried milk, 1% bovine serum albumin (BSA) in PBS. Further antibody incubations were carried out in PBS containing 1% skimmed dried milk, 0.5% BSA. RSVspecific glycoprotein was detected by ELISA. The plates were first incubated with an anti-RSV antibody prepared by vaccination of a rabbit with RSV-infected cell extract, or with monoclonal antibodies (MAbs) directed against the RSV F or G glycoproteins. The second incubation contained either peroxidase-conjugated goat anti-rabbit IgG (Calbiochem) or peroxidase-conjugated anti-mouse IgG (Kirkegaard & Perry Laboratories). Bound antibody was detected by incubation with 1 ~tg/ml o-phenylenediamine and 0.03~ H202 in substrate buffer (65 rr~-Na2HPO,, 17 mM-citric acid pH 6.4).
The RSV MAbs were a kind gift of Drs Judy Beeler and Kathleen Van Wyke Coelingh. The characterization of the MAbs and their assignments to antigenic sites and epitopes therein will be described elsewhere by J. Beeler and K. Coelingh. These MAbs were produced by priming mice with live RSV administered intranasally, followed by a secondary immunization with a vaccinia virus recombinant expressing the F or G glycoprotein. For two of the MAbs (2-27 and 4-18), mice were primed with a vaccinia virus recombinant expressing the G glycoprotein followed by a secondary immunization with semi-purified baculovirus-expressed FG glycoprotein (R. J. Immunoprecipitation. SF9 cells were infected at an m.o.i, of 10 p.f.u./cell with recombinant baculovirus. At 24 h p.i., cells were washed twice with PBS and labelled with 100 ~tCi/ml [3SS]methionine (Amersham) in Grace's methionine-free medium (Gibco) containing 5% FBS. At 28 h p.i., the medium was harvested as described above. Proteins were immunoprecipitated as described previously (Wathen & Wathen, 1984) using RSV-specific MAb. The Protein A-Sepharose (Pharmacia) which was used to pellet the antigen-antibody complexes was pretreated with rabbit anti-mouse IgG (Accurate Chemical Corporation). Immunoprecipitated proteins were boiled for 2 min in 2x electrophoresis sample buffer (2% SDS, 5% 2-mercaptoethanol, 10% sucrose, 2mg/ml bromophenol blue, 10mM-Tris-HC1 pH 8-0). For carbohydrate 2628 M. W. WATHEN AND OTHERS analysis, the boiled samples were split into three tubes and diluted fivefold with 0-1 M-sodium phosphate buffer pH 6.3. The samples were then treated with 1 unit of endoglycosidase F (Endo F; New England Nuclear), 5 milliunits of endoglycosidase H (Endo H; Boehringer Mannheim) or no enzyme, and incubated for 2 h at 37 °C. It should be noted that the units as defined by the two manufacturers were not equivalent and approximately twice the amount of Endo F was used compared to Endo H. For analysis under non-reducing conditions, samples were boiled in the above 2 x electrophoresis sample buffer without 2-mercaptoethanol. Proteins were fractionated in a 12~ SDS-polyacrylamide gel as described previously (Wathen & Wathen, 1984) . RESULTS A vector suitable for the expression of a chimeric glycoprotein containing portions of the F and G glycoproteins of RSV was constructed from cDNA clones as described in Methods, and depicted in Fig. 1 . The G cDNA sequences were inserted into the F cDNA clone such that the initial junction from F to G was translationally in phase to allow continued synthesis of the FG chimeric glycoprotein. Although the DNA sequences coding for the F glycoprotein's anchor region were present in the final clone, the second junction (G to F) was out of phase resulting in translational termination and the exclusion of the F anchor region from the chimeric glycoprotein. A clone containing the chimeric FG gene under the control of the polyhedrin promoter was cotransfected with wild-type AcNPV DNA into SF9 cells and recombinant baculoviruses expressing the FG glycoprotein were isolated as described in the Methods section.
The structural arrangement of the FG glycoprotein is illustrated in Fig. 2 . Representations of Kyte-Doolittle plots (Kyte & Doolittle, 1982) of the F and G glycoproteins were included to aid in delineating important hydrophilic and hydrophobic portions of the glycoproteins such as the anchor regions. Hydrophilicity/hydrophobicity plots have been published for these two glycoproteins (Collins et al., 1984; Wertz et al., 1985) . The amino terminus of the chimeric FG glycoprotein consisted of the signal region and the majority of the extracellular region of the RSV F glycoprotein. Since this extracellular region normally protrudes from the cell membrane, it would be the likely immunogenic region of the F glycoprotein. The FG glycoprotein contained amino acids 1 to 489 of the F glycoprotein, ending approximately 30 amino acids before the putative anchor region of the F glycoprotein. The FG glycoprotein therefore contained all of the strongly hydrophilic regions of the F glycoprotein. The carboxy terminus of the chimeric glycoprotein contained the majority of the RSV G glycoprotein's extracellular region, including the region identified as containing the major protective epitope(s) of the G protein (Olmsted et al., 1989) . The inserted region of the G glycoprotein began approximately 30 amino acids after its amino-terminal signal/anchor region and ended 20 amino acids from its carboxy terminus (amino acids 97 to 279 of the G glycoprotein).
The levels of FG expression in SF9 cells during the course of infection with baculo~FG were examined by ELISA. The level of FG peaked between 56 and 72 h p.i. (Fig. 3) . The majority of FG detected during the infection was located in the supernatant, with only trace amounts being detected in cell extracts (Fig. 3) . The levels of FG glycoprotein achieved in the medium of baculo-FG-infected insect cells was nearly independent of the initial m.o.i, within the range of 0-1 to 5-0 p.f.u./cell (data not shown). The amount of FG produced when cells were infected at an m.o.i, of 0.1 p.f.u./cell was below that of higher multiplicities early in infection; however, by 72 h p.i. the level of FG was approximately 70~ of that produced at the higher m.o.i. (data not shown).
The processing and cleavage of the FG glycoprotein in baculovirus-infected insect cells were examined. Baculo-FG-infected insect cells were labelled from 24 to 28h p.i. with [35S]methionine. Proteins in the medium were immunoprecipitated and examined by gel electrophoresis under reducing and non-reducing conditions. Under reducing conditions, the FG glycoprotein was a diffuse band ranging in size from 69K to 91K (Fig. 4, lanes 1 and 2) . This band was also observed using a [1*C]glucosamine label (data not shown). One other major labelled protein was detected by immunoprecipitation. However, this band was present when the conditioned medium was immunoprecipitated with an unrelated MAb (lanes 7 and 10), and was therefore non-specific. Upon long exposure, the 15K putative F2 band was detected migrating slightly above the dye front (Fig. 4, lane 2) (Kyte & Doolittle, 1982) of the F and G glycoproteins are depicted to aid in delineating the signal (S) and anchor (A) regions of the F glycoprotein, and the signal/anchor (S/A) region of the G glycoprotein. For this diagram, the hydrophobicity/hydrophilicity of every fifth amino acid was plotted. Complete hydrophobicity/hydrophilicity plots for the F and G glycoproteins have been published (Collins et al., 1984; Wertz et al., 1985) . and supernatants (~) were harvested at various times after infection, serially diluted in bicarbonate buffer, and adsorbed to the wells of microtitre plates. RSV-specific antigens were detected in an ELISA using a MAb specific for the G glycoprotein of RSV. Cell extracts and supernatants from cells infected with AcNPV-gp50 were used to determine background levels of activity. Background levels were subtracted from the RSV-specific activity for each time point. M. W. WATHEN AND OTHERS Clarified, conditioned medium was immunoprecipitated with a MAb specific for the G glycoprotein of RSV. Clarified medium was also immunoprecipitated with a non-specific MAb as a negative control (lanes 7 and 10). Immunoprecipitated proteins were treated with Endo F (lanes 3 and 4), Endo H (lanes 5 and 6) or no enzyme (lanes 1, 2, 7, 8, 9 and 10). Following endoglycosidase treatment the proteins were fractionated by electrophoresis in a 12 ~ SDS-PAGE gel under reducing (a) or non-reducing (b) conditions. RSV-specific proteins were detected by autoradiography. Lanes 2, 4, 6 and 9 are a five times longer exposure of the autoradiograph than lanes 1, 3, 6 and 8 respectively. Migration of the M, markers is indicated.
due to the low number of methionine residues in the F2 portion of the glycoprotein (two out of the 10 methionines). Under non-reducing conditions, the F2 band disappeared and the F G band migrated as a higher Mr band of 86K to 102K (Fig. 4, lanes 8 and 9) . The baculovirus-expressed F G was sensitive to Endo F treatment (Fig. 4, lanes 3 and 4) which reduced the size of the primary F G band to between 67K and 81K. Smaller bands were also observed, possibly indicating a sensitivity of the Endo F-treated F G to proteases. The F2 subunit was not detected after Endo F treatment, presumably because of its reduced size and more rapid migration in the gel. The F G glycoprotein was completely resistant to Endo H treatment (Fig. 4, lanes 5 and 6) .
The antigenic integrity of the F G glycoprotein was analysed with a panel of MAbs. Reactivity with the M A b was detected by both immunoprecipitation (Fig. 5) and ELISA (Table 1) . Although the intensity varied, the majority of the M A b s were able to immunoprecipitate FG. Both the predominant F G and the F2 bands were detected with the panel of MAbs. For convenience in comparing the data, the immunoprecipitation reactions were summarized in Table 1 . Marginal immunoprecipitations ( + ) were detected by longer exposure of the autoradiogram (data not shown). Table 1 . Clarified medium was also immunoprecipitated with a polyclonal mouse anti-RSV serum (lane 19), and a MAb against the pseudorabies virus gp50 glycoprotein (lane 20). Following immunoprecipitation, the proteins were fractionated by electrophoresis in a 12~ SDS-PAGE gel. RSV-specific proteins were detected by autoradiography. Migration of the Mr markers is indicated.
Two different antigens were used for analysis of the MAb panel by ELISA (Table 1 ). An RSVinfected cell lysate was used as the standard, since this antigen would present the natural F and G glycoproteins in their native form. The F G glycoprotein antigen was partially purified and concentrated from baculo-FG-conditioned medium by cation-exchange chromatography (Brideau et al., 1989) . A stringent criterion for reactivity was established by setting the ELISA titre endpoint at three times the average reactivity of four control MAbs (MAbs directed against parainfluenza virus type 3, pseudorabies virus or alphavirus glycoproteins) at the lowest dilution tested. This was five times the standard deviation observed in the assay. The two antigens reacted equally well with a polyclonal antiserum prepared by vaccinating mice with purified RSV (Table 1) . In general, the ELISA titres of the MAbs were comparable for the two antigens. The exception was MAb 1142 which had a moderate ELISA titre with the RSV antigen, but had no detectable reactivity with FG. Two MAbs (1200 and 1214) which did not react well with the two antigens by ELISA did immunoprecipitate the F G glycoprotein (Table 1 and * Titre is expressed as the log2 of the reciprocal of the highest antibody dilution with a reactivity of more than three times that of the negative controls (average of four MAbs directed against parainfluenza virus type 3, pseudorabies virus or alphavirus glycoproteins).
t MAb directed against the specific epitope found on the glycoprotein indicated in parentheses. 
DISCUSSION
We have described the construction of a clone containing portions of the RSV F and G glycoprotein genes under the regulation of the AcNPV polyhedrin promoter, the insertion of this construct into the AcNPV genome, and the expression of the resulting chimeric glycoprotein. The chimeric FG glycoprotein contained the majority of the extracellular domains of the F and G glycoproteins fused into one entity. The FG glycoprotein did not contain an anchor region and was efficiently secreted into the cell culture supernatant. These features have permitted the relatively easy purification of a single glycoprotein capable of inducing an immune response against both of the major glycoproteins of RSV (see adjoining paper).
The levels of expression of FG were lower than those reported for other proteins expressed in baculovirus (Estes et al., 1987; Jeang et al., 1987; Matsuura et al., 1987; Smith et al., 1983) . We estimate the level of FG expression to be approximately 0-5 mg per 10 s cells. Matsuura et al. (1987) have suggested that the level of expression of foreign genes in baculoviruses is related to the degree of integrity of the 5' upstream sequences of the polyhedrin gene. We have placed the FG gene into the newer baculovirus plasmid vectors such as pAcYM1 (Matsuura et al., 1987) , which contain intact 5' leader sequences. We have also synthesized a new 5' leader sequence consisting of the authentic upstream sequences of the polyhedrin gene linked directly to the ATG start codon of the FG gene. These various manipulations resulted in identical levels of expression compared to the original FG construct (data not shown).
The FG glycoprotein appeared as an extremely heterogeneous band on SDS-PAGE gels. Heterogeneity was also observed in the isoelectric point of FG when the glycoprotein was
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analysed by two-dimensional gel electrophoresis (unpublished data). This extreme heterogeneity may have been due to several different factors. First, the FG glycoprotein was glycosylated via N-linked oligosaccharides. As predicted for a glycoprotein produced in insect cells, the FG glycoprotein was Endo F-sensitive and Endo H-resistant. This pattern exists because insect cells process N-linked oligosaccharides down to a trimannosyl core (Hsieh & Robbins, 1984) , in contrast to the complex oligosaccharides found on mammalian cell glycoproteins (Hubbard & Ivatt, 1981) . Furthermore, the RSV G glycoprotein is heavily glycosylated via O-linked oligosaccharides in mammalian cells (Lambert, 1988) . The extent to which the G portion of the insect cell-derived FG glycoprotein is O-glycosylated is unknown; however, recent results have demonstrated that insect cells are capable of O-linked glycosylation (D. R. Thomsen, unpublished data). The heterogeneity in the size and isoelectric point of FG was probably due in part to variable glycosylation.
Another possible explanation for the heterogeneity of the FG glycoprotein is the cleavage site in the F portion of the glycoprotein. A previous report demonstrated that the F glycoprotein expressed in insect cells was only partially cleaved into its F1 and F2 subunits, and that two F1 bands (Fla and Fib) differing in size by 5K were present due to a secondary cleavage site recognized by insect cell proteases (Wathen et al., 1989) . After adjusting for methionine content, densitometer scans of immunoprecipitated, [3SS]methionine-labelled FG indicated that at least 50~ of the FG glycoprotein was cleaved into its FIG and F2 subunits (data not shown). This suggests that the diffuse FG band would have the potential of containing three different glycoprotein species (FG, FlaG, and FlbG) . Determining the exact make-up of the FG band will await resolution and sequencing of these species.
The putative 15K F2 band detected in reducing SDS-PAGE gels was missing in non-reducing gels as would be expected for a disulphide-bonded complex. The 15K band disappeared upon Endo F treatment indicating that it was glycosylated. The size of the 15K band was less than that reported for the F2 fragment synthesized in mammalian cells , but identical in size to the F2 fragment of the F glycoprotein synthesized in insect cells using a baculovirus vector (Wathen et al., 1989) . The difference in size of the F2 fragment made in mammalian or insect cells is probably due to glycosylation. The F2 fragment contains four potential N-linked glycosylation sites. As described above, mammalian cells form complex oligosaccharides which would add a greater mass to a protein than the trimannosyl oligosaccharides present on insect cell-derived glycoproteins.
Since fusing two glycoproteins could potentially disrupt the natural secondary structure of the glycoproteins, we wanted to determine whether the chimeric FG glycoprotein could be recognized by a panel of MAbs produced against the natural RSV F and G glycoproteins. Reactivity to the FG glycoprotein was assayed by both immunoprecipitation and ELISA. Although the majority of the MAbs could immunoprecipitate FG, the pattern of ELISA reactivity to the FG glycoprotein was strikingly similar to that of the MAb panel against an RSV-infected cell lysate. This demonstrates that the antigenic structure of the insect cell-derived FG glycoprotein was sufficiently conserved to be recognized by a panel of MAbs directed against at least 14 different epitopes on the F and G glycoproteins.
A number of problems have existed in using the baculovirus expression system for large-scale production of recombinant proteins. Several of these have been solved by the development of serum-free media for insect cells and the growth of these cells in airlift bioreactors (Maiorella et al., 1988; Murhammer & Goochee, 1988) . As a secreted glycoprotein, FG is well suited for expression in serum-free media. Another major consideration in the production of a recombinant protein using the baculovirus expression system is the maintenance of virus stocks. Typically, insect cultures are infected at m.o.i, values ranging from 1.0 to 10 p.f.u./cell (Maiorella et al., 1988 ; Murhammer & Goochee, 1988) . Infecting large volumes of cells at m.o.i.s of greater than 1.0 would require prohibitive amounts of virus. We have found the production of FG glycoprotein to be nearly independent of the size of virus inoculum using m.o.i.s as low as 0.1 p.f.u./cell. The ability to use low m.o.i.s with a minimal reduction in product yield increases the utility of the baculovirus expression system. The F and G glycoproteins are the principal targets of the host antibody response to RSV
